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FOREWORD
The sale of eastern oysters (Crassostrea virginica) is a profitable industry in the United
States. In 2008, more than ten thousand metric tons of eastern oysters were harvested in the
U.S., bringing in an income of more than 85.6 million dollars (National Marine Fisheries Service
2010). The oyster industry is especially important to states bordering the Gulf of Mexico, as the
Gulf produces more eastern oysters than the Atlantic and Pacific Oceans combined (National
Marine Fisheries 2010). Louisiana is the largest producer of eastern oysters in the United States
and oysters play a large role in the economy, history, and culture of Louisiana.
Throughout the U.S., oyster sales decline dramatically during summer months due to
watery consistency and lack of flavor, which occurs as oysters use up their glycogen stores in
preparation of spawning. In Washington State, Pacific oyster sales (Crassostrea gigas) drop by
50% or more during the summer (Allen and Downing 1991).
As a way to counteract the decline in summer sales, “sterile” triploid oysters are being
produced. Triploid oysters are in fact not sterile, but have severely reduced fecundity with little
or no potential of spawning. While diploid oysters use their glycogen stores to produce gametes,
triploid oysters retain their glycogen allowing them to focus on growth instead of reproduction.
As a result, triploid oysters reach market size faster than diploids, are larger in size than diploids
of similar age, and retain their flavor and consistency during summer months.
Triploid oysters are a large market along the west coast of North America. In 1999/2000,
triploid pacific oysters made up 30% of all pacific oysters farmed along the west coast (Nell
2002). The culture of triploid eastern oysters, however, is not a large industry. States along the
eastern and gulf coasts mainly rely on natural spat fall and high production through natural
fisheries.
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The triploid oyster industry is quite ironic; the very thing that makes triploids so
marketable (low fecundity) is also what makes them so difficult to produce. The only method of
producing 100% triploid oysters is by spawning a tetraploid male with a diploid female (Guo et
al. 1996). Tetraploids are produced by inhibiting polar body formation after spawning a triploid
female with a diploid male. Thus, the low number of fertile triploid females makes this a
difficult process. Chapter 1 covers in more detail the production and marketing of triploid and
tetraploid oysters.
The research in this thesis sought to improve the efficiency of triploid C. virginica
production by evaluating and inducing gonadal maturation in female triploid oysters for use in
tetraploid production. It was hypothesized that there is a correlation between ovarian
development and prostaglandin E titers.
Chapter one gives a detailed introduction to eastern oysters; their habitat, reproductive
biology, environmental significance, and commercial industry. Chapter one also details
polyploidy induction in oysters and their benefits to the oyster industry. Chapter two compares
gonadal development of female diploid and triploid eastern oysters. Chapter three portrays a
time line of prostaglandin E titers in triploid oysters as related to observed maturation in diploid
oysters over a typical spawning season. Chapter four summarizes the overall findings in these
experiments and suggests their applicability to the oyster industry.
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ABSTRACT
The sale of eastern oysters (Crassostrea virginica) is a multi-million dollar industry in
the United States. Triploid production of oysters helps to alleviate the decline in sales during
summer months that normally results from the loss of flavor and texture when diploid oysters are
spawning. Research to improve the ease of triploid production is critical for the expansion of
oyster hatcheries producing triploids.
The goals of this research were to determine the period of time when triploid oysters are
most fertile and to determine if prostaglandin E2 (PGE) plays a role in oocyte maturation of C.
virginica. The results of this research will assist in creating triploid broodstock for tetraploid
production.
Triploid oysters were found to reach full gonadal maturity as well as spawn, however at
lower percentages than diploid oysters. In this study, diploid oysters peaked in maturity from
April 18-May 07. Triploid oysters peaked in maturity in early February and had two smaller
peaks in early June and mid August. This suggests that triploid development is shifted from
diploid development and should be spawned either earlier or later in the year than diploids.
Oysters with oocytes in early development (stage II) continually increased PGE titers
through stages III and IV. Once oysters were ready for spawning in stage V, titers decreased in
value. This correlation of PGE titers with gonadal stage suggests that PGE plays a role in the
early maturation phase of oocytes. PGE titers were not significantly different when compared to
2N and 3N cohorts or amongst gonadal stages. The lack of significance may be due to high
variability as a result of random sampling.
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CHAPTER 1: INTRODUCTION
OYSTER BIOLOGY AND REPRODUCTION
The eastern oyster, also known as the American oyster, (Crassostrea virginica) (Gmelin)
is a molluscan bivalve in the family Osteridae. Eastern oysters are intertidal and subtidal filter
feeders, feeding on pyhtoplankton suspended in the water column. The eastern oyster can
tolerate a wide range of temperatures from -2° to 36°C and salinities from 5-40ppt (Galstoff
1964). Eastern oysters can be found in estuarine and coastal waters of the western Atlantic from
the Gulf of St. Lawrence in Canada, south to Key Biscayne, FL, throughout the Gulf of Mexico,
to the coasts of Argentina in South America (Carriker and Gaffney 1996).
Oysters are broadcast spawners, releasing gametes into the water column. Spawning in
the eastern oyster is regulated by seawater temperature and food availability (Kennedy et al.
1996). In the Gulf of Mexico, oysters exhibit multiple spawnings per year. Gametogenic
development occurs in the winter as well as spring (Ingle 1951). Spawning peaks in May but can
continue until late August, though recycling of gonads with subsequent spawning can occur as
late as October (Supan and Wilson 2001).
The life cycle of eastern oysters is divided into a 2-3 week larval planktonic stage and a
sessile benthic stage. The non feeding trocophore stage usually develops within 12 hours of
fertilization. The trocophore stage lasts approximately 24 hours, during which larvae develop
into “veliger” or “D-stage” larvae. During D stage, larvae posses a shell in the form of two
valves with a straight hinge giving the appearance of the capital letter “D”. D stage larvae are
able to swim and the velum protrudes out from the two valves creating a ciliary current for
feeding. The pedivelliger stage begins after the foot develops and the larvae begin crawling on
surfaces, searching for suitable hard substrate on which to settle and cement themselves. Once
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cemented, oysters are called “spat”. Spat are sessile; they begin losing their larval organs
(velum, foot, and eyespot) and begin forming structures of adult oysters.
IMPORTANCE OF OYSTERS TO HUMANS AND THE ENVIRONMENT
Oysters have numerous ecological roles in nature. Oysters are keystone species pivotal in
keeping diverse and healthy ecosystems. Oysters improve water quality through filtering algae
and pollutants out of the water column. One oyster can filter as much as 189.27L (50gallons) of
water a day (Chesapeake Bay Foundation 2009). In the wild, oysters cement themselves together
and grow atop each other creating underwater reefs. These reefs provide a food source and
habitat for numerous species. A variety of crabs, birds, snails, and fish feed on oysters. Wells
(1961) listed 303 species that call oyster reefs home. Oyster reefs also help to stabilize
shorelines and reduce erosion (Spencer 1985) (Piazza et al. 2005).
Oysters also have an economic role in society. The sale of eastern oysters fill a profitable
market in the United States food industry. In 2008, more than ten thousand metric tons of
eastern oysters were harvested in the U.S., worth more than 85.6 million dollars. The oyster
industry is especially important to states bordering the Gulf of Mexico, as the Gulf produces
more eastern oysters than the Atlantic and Pacific Oceans combined (National Marine Fisheries
Service 2009). Louisiana is the largest producer of eastern oysters in the United States. In 2008,
Louisiana brought in more than half of the total eastern oyster landings in the United States
totaling nearly 5.8 metric tons creating a profit of more than $38.8 million for the state (National
Marine Fisheries Service 2009). The jobs that are produced from the culture, harvest and sale of
eastern oysters are a valuable asset to Louisiana. The Louisiana Oyster Task Force has reported
3,100 full time jobs and 6,700 part time jobs associated with the industry in Louisiana alone
(Louisiana Oyster Task Force 2002).

2

During summer months, oyster sales decline dramatically due to watery consistency and
lack of flavor which occurs as oysters use up their glycogen stores in preparation of spawning.
In Washington State, sales of the closely related Pacific oyster drop by 50% or more during the
summer (Allen and Downing 1991). To address this problem, hatcheries have turned their
interest to “sterile” triploid oysters.
DECLINE OF EASTERN OYSTER POPULATIONS
Oyster populations have been declining in regions throughout the world. Globally it has
been estimated that 85% of oyster reefs have been lost (Beck et al. 2007). This is due largely to
over harvesting, declining water quality, and diseases such as MSX and dermo.
MSX can be found along the entire east coast of the United States; however, it is most
prevalent in the mid-Atlantic and New England region (Ewart and Ford 1993). MSX is caused
by a single celled parasite Haplosporidium nelsoni. It is termed MSX because it was originally
observed as a multinucleated sphere with unknown affinity “x” (Ewart and Ford 1993). Signs of
MSX are first observed in the gill tissue of oysters approximately 3 weeks after exposure, and
begin dying 5-6 weeks after exposure (Ewart and Ford 1993).
Dermo was first observed in the Gulf of Mexico approximately 60 years ago and was
termed Dermocystidium marinum. Dermo was initially believed to be a fungus, but was later
discovered to be caused by a protozoan parasite Perkinsus marinus. Dermo can be found along
the entire Gulf and east coasts of the U.S., but is predominant in the warm southern waters and
Gulf. Oysters begin dying within a month or two of exposure to dermo (Ewart and Ford 1993).
Unlike MSX, dermo is easily transmitted between oyster. The most common method of
transmission is from through ingestion of the parasite after release from a dead organism.
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In the Chesapeake Bay, C. virginica populations are currently less than 1% of their
historic populations (Virginia Institute of Marine Science 1999). In an effort to restore
Chesapeake’s oysters, the state of Virginia proposed introducing non native triploid Suminoe
oysters (Crassostrea ariakensis) into the bay. This exotic oyster can survive conditions found in
the bay, and is thought to be able to help revitalize the region’s oyster industry while alleviating
pressure on native eastern oysters, improving water quality, and creating hard substrate for native
oyster attachment and reef development (Chesapeake Bay Program 2003). The plan to only
introduce triploid oysters would greatly reduce the risk of an exotic outbreak.
Perhaps now more than ever, it is crucial to develop hardy oyster stocks that can
withstand less than optimal conditions. The BP oil rig explosion that occurred on April 20, 2010
leaked an estimated 35,000 - 60,000 barrels of oil into the Gulf of Mexico a day (Polson 2010)
for nearly three months. This environmental tragedy happened during the spawning season of
many marine aquatic animals along the gulf coast. As was previously mentioned, Gulf coast
oysters begin developing gonadal tissues in late March through early April and spawning begins
in May and cycles through August (Supan and Wilson 2001). For those fully mature oysters that
survived the oil long enough to spawn, the even more sensitive larvae were released into the oil
impacted Gulf, thus increasing the problem of declining oyster reefs as well as creating a burden
on oyster production and sales in the Gulf.
POLYPLOIDY IN OYSTERS
Ploidy describes the number of sets of chromosomes in the nucleus of a cell. Normally
organisms are diploid (2N), meaning that there are two sets of haploid chromosomes (one set
donated from the father and one donated from the mother). Polyploid animals have multiple sets
of chromosomes. Triploid (3N) animals have cells with three sets of chromosomes, and
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tetraploid (4N) animals have cells with four sets of chromosomes. Occasionally mosaic animals
develop in which different cells contain different genetic sequence (Nell 2002). Triploid oysters
can be found in the wild as natural anomalies; however they are extremely rare to find (Guo et al.
1992; Guo and Allen 1994).
In 1976, John G. Stanley led the first team of researches trying to induce polyploidy on
C. virginica. The idea arose from a suggestion by Sea Grant after evaluating a triploid fish
project at the University of Maine, Orono (Allen 1988). In 1981, Stanley and his team
(consisting of S.K. Allen, Jr. and H. Hidu) published in the Journal of Aquaculture the first
report on polyploidy induced in the American oyster.
In bivalves, oocytes remain arrested in prophase I and meiosis is not completed until the
process is restarted by fertilization (Allen 1988; Ahmed 1973). Meiosis proceeds normally after
fertilization reducing the replicated diploid nucleus to a single copy haploid cell by extruding the
excess chromosome copies into two polar bodies (Allen 1988). To produce polyploid oysters
from diploid parents, the first or second polar body release must be inhibited. When triploids are
formed, the set of chromosomes contained in the remaining polar body is reincorporated into the
developing egg. As can be seen in figure 1.1, triploidy results from the union of the two sets of
chromosomes from the egg, and one set from the sperm (Allen 1988).
Triploids can be produced by suppressing meiosis I (MI) or meiosis II (MII). Triploids
produced by suppressing MI may grow faster than MII suppressed triploids (Stanley et al 1984),
but MI suppression leads to a high proportion of aneuploids and high mortality (Guo et al 1992).
By suppressing MII, a greater percentage of triploids are formed and there is an increase in larval
survival (Hand et al 1999). As a result, the preferred method of triploid production when polar
bodies are suppressed relies on MII suppression.
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Figure 1.1. Formation of a) diploid and b) triploid oysters. Diploids undergo normal
meiosis with no interference. To form a triploid, the oocyte must undergo shock treatment
after the extrusion of the first polar body to prevent the formation and extrusion of the
second polar body.
There are four primary methods of creating triploid bivalves in a hatchery: chemical
induction, pressure induction, thermal induction, and selective breeding. Number of triploids
produced and animal mortality rates vary by method.
The use of cytochalasin B (CB) to inhibit cytokinesis was the first method used to
develop triploid C. virginica (Stanley et al 1981). Cytochalasin B is a metabolite isolated from
the molds Phoma exiqua and Helmintosporium dematioideum. Cytochalasin B inhibits cellular
motility, cytokinesis, and polar body formation by blocking the barbed end of actin
microfilaments and inhibiting development of the cleavage furrow when applied at anaphase of
the first or second maturation division (Yamamoto et al 1990). At low concentrations of CB, the
maturation spindle takes its usual position at the animal pole; however it is distorted and
regresses rapidly or degenerates into cytoplasmic blebbing. As a result, the two sets of dyads
remain in the egg cytoplasm instead of being extruded (Peaucellier et al. 1974).
Under optimal conditions, yields of 88% ± 10% triploid C. gigas were achieved with the
use of cytochalasin B (Downing and Allen 1986). C. virginica, however, are less fecund than C.
6

gigas, and Supan et al. (2000) were able to create a maximum of 82% triploid C. virginica using
0.5µg/ml CB treatment. Supan et al. (2000) also found that there is a high mortality rate shown
by an inverse relationship between cytochalasin B dosage concentration and percent larvae
survival.
Applying hydrostatic pressure to suppress the formation of the second polar body of
newly fertilized oyster eggs is another method of producing triploid oysters. A maximum yield
of 57% triploids was achieved by Chaiton and Allen (1985) by subjecting C. gigas eggs that
were fertilized for ten minutes to 6000-8000psi for ten minutes. Hydrostatic pressure has also
been used to induce triploidy in other invertebrates such as Pacific abalone (Aria et al. 1986) and
the pearl oyster (Shen et al. 1993), but no attempts have been made on the eastern oyster.
The use of hydrostatic pressure is not a feasible option for large scale triploid production
because of low triploid results and the limiting volume that the pressure apparatus can hold
(Allen 1986b). The apparatus used by Chaiton and Allen (1985) holds only 1.5L and therefore
many treatments or dense suspensions of eggs would be required to achieve production
quantities.
Thermal shock (heat or cold) is another method of triploid production. Thermal shock is
advantageous due to its ease of administration and absence of toxic chemicals (Allen 1986b).
Yields up to 83.3% triploid C. gigas were produced by applying heat shock at 37°C to C. gigas
eggs 40-45 minutes after fertilization (Yamamoto et al. 1990). M. edulis had a higher success
rate of 97.5% triploid production by treating eggs with heat shock at 32°C from 10-20 minutes
post fertilization (Yamamoto et al. 1990). As an alternative, cold shock is another thermal shock
option for inducing triploidy in bivalves. Yamamoto et al. (1990) produced a 66.7% triploid
yield of C. gigas by applying cold shock at 0°C from 15-25 minutes after fertilization.

7

To increase triploid production using thermal shock, Yamamoto et al. (1990) conducted
experiments in which fertilized C. gigas and M. edulis eggs underwent heat shock in
combination with treatments of caffeine and/or calcium chloride. When 34°C heat shock was
combined with 10mM caffeine, up to 94% C. gigas triploid larvae were formed. The addition of
0.1M CaCl2 to 30°C heat shock yielded 88% triploids. There was a significant decrease in
survival of heat and cold shocked zygotes making it difficult to utilize thermal shock as a viable
option for triploid production in marine bivalves. None of the variations on thermal shock were
tested on C. virginica.
Triploid production approaching 100% can be achieved by using sperm from tetraploid
males to fertilize eggs from diploid females (Guo et al. 1996). Sperm from the tetraploid male
provides two sets of chromosomes and is added to the one set given by the diploid female,
combining to make a triploid offspring. This process of breeding “natural” triploids was
patented by 4Cs Breeding Technology Inc. in 1997. Selective breeding is currently the only
process that creates 100% triploid oysters.
Tetraploid oysters are created by fertilizing eggs from triploid females with sperm from
diploid males and blocking polar body 1 with the use of cytochalasin B (Guo et al. 1996). Viable
first generation tetraploids can be bred with other tetraploids to produce second generation
tetraploids (Guo et al 1996). The small number of fertile triploid female C. virginica can make
this a difficult process.
REPRODUCTIVE HORMONES IN BIVALVES
The role of hormones on vertebrate reproduction has been widely studied and is well
understood. On the contrary, hormonal presence in invertebrate species is not as well understood
due to less research. Scientists however have recently taken on the task of understanding the
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processes involved in invertebrate reproduction, and discovered that classic vertebrate hormones
including testosterone, estradiol-17β, and progesterone that are commonly associated with
reproduction in vertebrates are also present in invertebrate bivalves (Lafont and Mathieu 2007).
Studies have shown similarities between vertebrate and invertebrate hormone patterns during
reproductive cycles.
Estrogens are a group of steroid hormones that act as the primary female sex hormone in
vertebrates. Research has shown that estrogens also play crucial roles in invertebrates. Mori
(1969) reported that increased estrogen levels stimulate early sexual maturation in female C.
gigas. Estradiol-17β is the circulating form of estrogen produced in molluscs (Matsumoto et al.
1997). There is a correlation between Estradiol-17β and ovarian development in the Pacific
oyster C. gigas (Matsumoto et al. 1997). In the Pacific oyster, estradiol-17β promotes
vitellogenesis (Li et al. 1998), induces a change from male to females (Mori 1969), as well as
stimulates serotonin receptors to form on the oocytes surface (Osada et al. 1998). Quintana
(2005) and Lynn (2006) showed that injecting eastern oysters with estradiol-17β induces more
synchronous oocyte maturation.
Prostaglandins are hormone like substances derived from oxygenated fatty acid
derivatives of arachidonic acid.

Rather than being stored, prostaglandins are rapidly

synthesized in response to physiological stimuli (Travis 1980). Prostaglandins are correlated with
ovarian development, yolk production, ovulation, spawning, and increase in cAMP levels in
vertebrates as well as invertebrates (Spaziani et al. 1993; Spaziani et al. 1995). Prostaglandin E2
(PGE) enhances the response sensitivity to serotonin induced spawning of the scallop
Pactinopecten yessonesis (Matsutani and Nomura 1987). In contrast, prostaglandin F2α (PGF2α)
inhibits the effects of serotonin.
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Both estradiol 17-β and prostaglandin E2 enhance the receptiveness of serotonin in
aquatic invertebrates. This is important as serotonin has been linked to oocyte maturation and
spawning in zebra mussels (Fong 1998) as well as induced spawning in the eastern oyster (Lynn
2006). Serotonin also helps to reinitiate meiosis I and induce germinal vesicle break down in
mature primary oocytes of surf clams (Toraya et al. 1987).
SUPPRESSED GAMETOGENISIS IN TRIPLOID BIVALVES
Since gametogenesis is diminished in both male and female triploid oysters, it is difficult
to produce tetraploid oysters from which “natural” triploids can later be produced. Female 3N C.
gigas contain few oocytes and show little evidence of maturing (Allen 1986a). Most 3N females
are characterized by underdeveloped follicles containing rudimentary gonial cell populations.
Most triploid males have substantial populations of spermatocytes present, some males have
differentiated spermatids, but fully mature spermatozoa are absent (Allen 1986a). It was
estimated by Guo and Allen (1994) that there is a 0.0008% chance of triploid female C. gigas
being successfully fertilized by a strip spawned triploid C. gigas male, and there is an even lower
chance of reproduction in a natural setting.
Gonadal development of triploid eastern oysters is also suppressed. Diploid and triploid
oysters follow the same path of gonadal development. However, when compared to diploids,
gonadal development is reduced and delayed in triploids. It has been shown that triploid C.
virginica are capable of spawning despite suppressed gonadal development (Quintana 2005).
Other triploid bivalves also have suppressed development. Triploid noble scallops
(Chlamys nobilis) produce neither mature spermatozoa nor oocytes (Komaru et al. 1988). The
catarina scallop (Argopecten ventricosus) shows severely reduced fecundity (Ruiz-Verdugo et al.
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2000), and virtually all triploid soft-shell clam (Mya arenaria) exhibit underdeveloped gonads
with no mature gametes (Allen et al. 1986a).
ADVANTAGES OF TRIPLOID OYSTERS
Allen and Downing (1991) showed that consumers prefer triploid oysters over diploid
oysters in the summer due to greater flavor and firmer texture. During warm summer months,
diploid oysters undergo sexual maturation using energy from glycogen reserves to produce
gametes (Allen and Downing 1991). Glycogen content in diploids decreases up to 72% during
this time, while glycogen content in triploids decreases by only 8% (Allen 1987). The loss of
glycogen causes oysters to lose texture and become milky and watery (Allen and Downing
1991). Since triploid oysters retain their glycogen content and palatability during summer
months, commercial hatcheries have begun culturing triploids for consumptive purposes.
Another advantage of triploid oysters is the greater growth rate compared to diploids.
Market size of eastern oysters (60mm shell height or 50g whole weight) can be reached 5 months
earlier by triploid oysters than diploid (Barber and Mann 1991). Average whole weight of
triploid oysters is 29% heavier than diploid oysters (Barber and Mann 1991) and have 40% more
meat during summer months (Stanley et al 1984). The increased growth rate of triploids
however, is unnoticeable until the second year when diploid oysters increase gonad development
and subsequently increase the depletion of their glycogen stores (Nell 2002).
The culture of triploid American oysters is not a large industry along the east or Gulf
coasts due to reliance on natural spat fall and high production through natural fisheries. In the
Pacific Northwest however, 50-60% of all Pacific oysters cultured are triploid (University of
Florida 2004).
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THESIS RESEARCH
This thesis seeks to explore an increase of the efficiency of triploid C. virginica
production by improving gonadal maturation in female triploid C. virginica to use for selective
breeding. Chapter two compares gonadal development of diploid and triploid female eastern
oysters to determine if there are fundamental differences in timing. Chapter three portrays a
time line of prostaglandin E titers in triploid oysters as related to observed maturation in diploid
oysters. Prostaglandins are known to mediate the release of mature oocytes from a variety of
animals and there is a clear correlation between increases in PGE, the final stages of yolk
production just prior to ovulation, and an increase in cAMP levels in the Florida crayfish
(Procambarus paenisulanus) (Spaziani et al. 1993, Spaziani et al. 1995).
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CHAPTER 2: A COMPARISON OF DIPLOID AND TRIPLOID
GONADAL STAGES IN EASTERN OYSTERS (Crassostrea virginica)
DURING REPRODUCTIVE MONTHS
INTRODUCTION
The sale of eastern oysters (Crassostrea virginica) is a profitable industry in the United
States. In 2008, more than ten thousand metric tons of eastern oysters were harvested, bringing
in an income of over $85.6 million (NMFS 2010). Louisiana is the largest producer of eastern
oysters in the United States. In 2008, Louisiana brought in more than half of the total eastern
oyster landings in the United States totaling nearly 5.8 metric tons valued at more than $38.8
million for the state (NMFS 2010).
Nation-wide oyster landings are highest during cooler fall and winter months. During
summer months, oyster sales decline drastically due to watery consistency and lack of flavor
which occurs as oysters use up their energy stores in preparation of spawning. For example, in
Washington State, Pacific oyster (Crassostrea gigas) sales drop by 50% or more during the
summer (Allen and Downing 1991).
As a way to counteract the decline in summer sales, triploid Pacific and eastern oysters
are being produced in hatcheries. Triploid oysters have severely reduced fecundity with little
potential of spawning. While diploid oysters use their glycogen stores during gametogenesis,
triploid oysters retain their glycogen allowing them to focus on growth instead of reproduction.
As a result, triploid oysters reach market size faster than diploids, are larger in size than similar
aged diploids, and retain their flavor, texture, and consistency during summer months. Allen and
Downing (1991) showed that consumers prefer triploid Pacific oysters over diploid oysters in the
summer due to greater flavor and firmer texture.
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The sale of triploid Pacific oysters is a large market along the west coast of North
America. In 1999/2000, triploid Pacific oysters made up 30% of all pacific oysters farmed along
the west coast (Nell 2002). The culture of triploid eastern oysters however is not a large
industry. States along the east and Gulf coasts, where eastern oysters are naturally found,
mainly rely on natural spatfall and high production through natural fisheries.
Currently, the only way to produce a yield of 100% triploid oysters is through selective
breeding. Through selective breeding, sperm from tetraploids are used to fertilize diploid eggs.
Sperm from the tetraploid provides two sets of chromosomes and is added to the one set given by
the diploid female, combining to make a triploid offspring (Guo et al. 1996). Tetraploid oysters
are created by fertilizing eggs from triploid oysters with sperm from diploid oysters and blocking
polar body 1 with the use of cytochalasin B (Guo et al. 1996). Thus, the small number of fertile
triploid female C. virginica can make this a difficult process.
This chapter compares gonadal maturation between 2N and 3N eastern oysters of the
same age. While it has previously been noted that 3N oysters have reduced gonadal maturation
(Allen 1986), this chapter evaluates development throughout the natural spawning season in the
Gulf of Mexico (March-September). In addition, previous studies have involved 3N oysters
created by chemical treatment with the use of cytochalasin B. All triploid oysters used in this
research were created using Guo et al. (1996) method of breeding tetraploid males with diploid
females.
MATERIALS AND METHODS
TRIPLOID PRODUCTION
In May 2007, triploid C. virginica were produced at the Sea Grant Bivalve Hatchery (29°
13’N, 99° 0’W) using the method of fertilizing diploid females with tetraploid males (Guo et al.
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1996). Gender of each oyster was determined from a small gonadal biopsy using a capillary tube
and viewing with brightfield microscopy for the presence of sperm or eggs. Fully mature
females were identified by the presence of prominent genital canals and an abundance of
rounded oocytes. Sperm was rated from each male on a scale of 1-5 with 1denoting males with
the fewest motile sperm, and 5 having a high percentage of motile sperm. Gametes were
collected by stripping the gonads from mature females and from males ranked 4 or 5. Gametes
were fertilized at 23-25°C in filtered seawater with a salinity of 20-24ppt. Percent fertilization
success was determined as percentage of eggs which divided at 2-4h post-fertilization. Half
sibling diploid cohorts were also produced through strip spawning. All larvae were reared
according to protocol at Sea Grant Bivalve Hatchery in Grand Isle, LA.
PLOIDY VERIFICATION
The ploidy of all animals was verified by the use of a Partec CyFlow SL flow cytometer.
Operational protocol was adapted from Allen (1983). A small notch was cut into the bill of each
oyster and 0.1mL of hemolymph was drawn from the sinus located in the adductor muscle.
Hemolymph was cleaned through a 30µm filter and mixed with 1mL of propidium iodide (PI)
solution (5mg/100mL of water). The PI-hemolymph mixture was incubated in the dark for 2030 minutes. A minimum count of 10,000 events was acquired through flow cytometry to
generate histograms from each hemolymph sample. Triploid oysters emitted approximately 1.5
times the fluorescence of diploid oysters.
HISTOLOGY
Sectioning of oysters for histological comparison was done according to the methods of
Howard et al. (2004). Tissue samples were acquired from the gill-palp junction and 4 mm
posterior, creating a 4mm thick tissue section. The tissue samples were placed in labeled
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histological cases and preserved in Davidson’s fixative buffered with sea water the same salinity
as the water the animals were removed from prior to sacrifice. The samples were later mounted
in paraffin, sectioned, mounted on slides, and stained for 30 minutes with hematoxylin and
counterstained for 1 hour with eosin Y.
GONADAL ANALYSIS
Histological slides of oyster gonad were viewed microscopically to describe gonadal
development of each oyster. Six stages of gonadal development were used for classification
(adapted from Kennedy and Krantz 1982): I. Indifferent, II. Reduced development, III. Early
development, IV. Late development, V. Spawning condition, VI. Spawned. As a brief review,
stages were evaluated using the following stages as comparison.
Stage I – Indifferent: Sex is indistinguishable. No oogonia or spermatids present (Fig.
2.1a).
Stage II- Reduced development: Few pendant shaped oocytes are present
(Approximately 1-50). Follicular development is arrested with little or no follicular branching
and large interfollicular space (Fig. 2.1b).
Stage III-Early development: Oogonia are observable and pendant shaped oocytes are
still present. There is a reduction in interfollicular space and an increase in follicular
development and branching (Fig. 2.1c).
Stage IV-Late development: Several mature rounded oocytes as well as pendant shaped
oocytes are observable. There is an increase in the size and number of follicles, significant
branching, and a reduction of interfollicular space compared to early development stage (Fig.
2.1d).
Stage V – Spawning condition: Follicles are full of rounded oocytes with prominent
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clear germinal vesicles. There is no clear division between follicles and very little interfollicular
space (Fig. 2.1e).

2.1a. Gonadal stage III

2.1b. Gonadal stage III

2.1c. Gonadal stage III

2.1d. Gonadal stage IV

.

2.1e. Gonadal stage V
Figures 2.1a-e. A progression of gonadal stages from I-V. 2a) There are no observable
oocytes or spermatocytes in stage I, and are therefore considered “indifferent”. 2b) Stage II
has few oocytes and large interfollicular space. 2c) In stage III there is an increase in oocytes
and a decrease in interfollicular space when compared to stage II. Slight branching can be
observed in stage III. 2d) In stage IV there is an increase in the size and number of oocytes,
significant branching, and a reduction of interfollicular space compared to stage III. 2e) In
stage V follicles are full of rounded oocytes and there is little to no interfollicular space.
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Stage VI- Spawned: Numerous mature oocytes are observed in the lumina and genital
canals. There is follicular disorganization, extensive interfollicular space, and the appearance of
connective tissue in the interfollicular areas. There were no stage VI observed in this study.
RESULTS
Due to unequal numbers of female oysters in each cohort, counts of gonadal stages were
represented as a percent of non-male oysters for each date. For convenience of analysis, gonadal
stages II and III were grouped together in this study as “immature” gonad, and stages IV and V
were grouped together as “mature” gonad. A count of animals with stage I was taken; however,
the values were left out of evaluation since the sex of these animals could not be verified.
One hundred sixty-six 2N oysters were evaluated over the period of one spawning season
from March17, 2008-May 29, 2008. These dates represent the normal peak period for 2N oyster
maturation and spawning. Each sample date is grouped according to gonadal maturation and
recorded in Table 2.1.
Table 2.1. Total count and percentage of diploid oysters observed by gonadal stage
Date
March 17, 2008
April 3, 2008
April 18, 2008
April 25, 2008

Stage I
Total # (%)

Stage II
Total # (%)

Stage III
Total # (%)

Stage IV
Total # (%)

Stage V
Total # (%)

2 (11.76%)
5 (25.00%)
0 (0%)
0 (0%)

13 (76.47%)
14 (70.00%)
0 (0%)
0 (0%)

2 (11.76%)
1 (5.00%)
2 (7.40%)
0 (0%)

0 (0%)
0 (0%)
25 (92.59%)
21 (95.50%)

0 (0%)
0 (0%)
0 (0%)
1 (4.50%)

May 2, 2008
0 (0%)
0 (0%)
1 (4.00%)
24 (96.00%) 0 (0%)
May 7, 2008
0 (0%)
0 (0%)
0 (0%)
12 (57.14%) 9 (42.86%)
May 22, 2008
0 (0%)
15 (75.00%) 4 (20.00%)
1 (5.00%)
0 (0%)
May 29, 2008
1 (7.14%)
8 (57.14%) 1 (7.14%)
1 (7.14%)
3 (21.43%)
Female 2N oysters were graphed by date and gonadal stages II and/or III “immature”
(Fig.2.2a) and stages IV and/or V “mature” (Fig.2.2b). During March and early April months,
all 2N oysters sampled had immature gonadal tissue. These oysters quickly matured into stage
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IV and V gonad by mid April through early May. From late May through early June, the
percentage of females with mature gonadal tissue decreased and the incidence of oysters with
early stages of maturation (stages II and III) reappeared during these later dates. Gonadal
maturation coincides with the observations of Supan and Wilson (2001) stating that Gulf coast
oysters begin developing gonad in late March through early April and spawn in May.
Two hundred and sixty-nine 3N oysters were evaluated over two spawning seasons
ranging from August 18, 2007-September 2, 2007 and February 6, 2008-June 30, 2008. Total
counts and percentages of each stage observed in 3N oysters are recorded in Table 2.2.
Table 2.2. Total count and percentage of triploid oysters observed by gonadal stage
Date
August 18, 2007
September 2, 2007
February 6, 2008

Stage I
Total # (%)

Stage II
Total # (%)

Stage III
Total # (%)

Stage IV
Total # (%)

13 (32.50%)
1 (1.52%)
1 (3.23%)

15 (37.50%) 3 (7.50%)
30 (45.45%) 18 (27.27%)
10 (32.26%) 8 (25.80%)

8 (20.00%)
16 ( 24.24%)
12 (38.71%)

Stage V
Total # (%)
1 (2.50%)
1 (1.52%)
0 (0%)

March 17, 2008
6 (27.27%)
15 (68.18%) 1 (4.55%)
0 (0%)
0 (0%)
April 3, 2008
1 (5.00%)
16 (80.00%) 3 (15.00%)
0 (0%)
0 (0%)
May 7, 2008
2 (8.33%)
19 (79.17%) 2 (8.33%)
0 (0%)
1 (4.17%)
May 15, 2008
0 (0%)
12 (70.59%) 5 (29.41%)
0 (0%)
0 (0%)
May 22, 2008
0 (0%)
15 (75.00%) 3 (15.00%)
2 (10.00%)
0 (0%)
May 29, 2008
1 (5.56%)
13 (72.22%) 4 (22.22%)
0 (0%)
0 (0%)
June 3, 2008
1 (2.04%)
31 (63.27%) 8 (16.33%)
8 (16.33%)
1 (2.04%)
Female 3N oysters were graphed by date and gonadal stages II and/or III “immature”
(Fig.2.2c) and stages IV and/or V “mature” (Fig.2.2d). Immature gonad was always more
abundant than mature gonad in the 3N oysters sampled. There were 5 dates in which mature
gonad were observed in 3N oysters. Over 20% of the oysters sampled on August 18, 2007 and
September 2, 2007contained mature gonad. The next, as well as highest, peak in maturity
occurred early in February, 2008 with nearly 40% of the observed oysters being mature. From
the months of March through mid May, nearly all oysters observed contained immature goand;
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only 4.17% had mature gonad. Ten percent of the observed oysters were mature on May 22,
2008. This was double that of the observed 2N oysters with mature gonad. Observed maturity
in 3N oysters increased to 18% in early April.
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Figure 2.2a.

Date Sampled

Figure 2.2c.
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Figure 2.2b.
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Figure 2.2d.

Figure 2.2. Timeline of female diploid and triploid gonadal development. Figure a shows the percent of
female diploid oysters with gonadal stages II and/or III. Figure b shows the percentage of female diploid
oysters with gonadal stages IV and/or V. Notice that the months of April and May show a drastic decrease
in early stages II and III and increase in advanced development/spawning stages IV/V in diploids. Figure c
shows the percentage of female triploid oysters in cohort with gonadal stages II and/or III and d shows
percent of stages IV and/or V of female triploid oysters. Notice that 3N stages II and/or III are continually
present throughout the study; however, advanced development reaches its peak in February.
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When the 3N oysters were 2 years old, gonad from 27 were observed in May, and gonad
from 40 were observed in June for separate spawning studies. Fifteen percent of the 3N oysters
observed in May were mature with stage V gonad. Five percent of those observed in June were
mature at stage V, and another 5% had spawned, containing stage VI gonad.
DISCUSSION
In these evaluations of gonadal stage, it is important to note that the diploid and triploid
animals were still in their first year of growth (3-13 months old). Oysters can reach sexual
maturity within 4 months in warm southern water such as the Gulf of Mexico (Wallace 2001).
Though the sample oysters were at a mature age, oysters are a protrandic species and change sex
from male to female with age under suitable environmental conditions. In the present study, a
majority of the oysters evaluated were female or indifferent even though they were relatively
young. The average size of diploids sampled was 94.67mm±1.26. The average size for triploids
was 85.20mm ±0.66. As was previously stated, significant size differences between 2N and 3N
oysters are usually not observed until the second year (Nell 2002). It is unclear whether the
young age could potentially affect female gonadal maturation during the oysters’ first spawning
cycle, especially for the 3N oysters.
Due to unforeseen circumstances including inclement weather (hurricanes), schedule
conflicts, and delays in sample processing, all dates between 2N and 3N oysters do not
correspond exactly. Diploid oysters were not evaluated in autumn, 2007 February, 2008, or
June, 2008 as were the 3N oysters. Triploid oysters were not sampled in mid or late April as
were the 2N oysters.
Triploid oysters do have the potential to reach gonadal maturity as evidenced by the
occurrence of stage V gonadal tissue, but possibly at a slower rate and in reduced numbers
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compared to diploids. Mature and spawned 3N oysters have previously been noted in C.
virginica by Quintana (2005) as well as in C. gigas (Allen and Downing 1990).
Surprisingly, 3N oysters less than one year old showed greater ooctye maturity than those
that were greater than one year old. It is possible that 3N oysters mature quickly but take a
longer time to redevelop functional gonad after spawning than do diploids.
Since 3N females are capable of reaching maturity, why do some triploids show greater
gonadal development than others? There were no significant morphological differences
between diploid and triploid gonad of the same stage.

What is preventing triploids from

developing at the rate diploids do? The following chapter of this thesis examines prostaglandin
E2 levels associated with gonadal stage as a possible factor in oocyte development.
It is particularly interesting that there were an absence of mature 3N females when the
majority of 2N females were sexually mature in April. Most of the 3N peaks in gonadal
maturation occurred later in the spawning season when 2N gonad are recycling (May/June and
August/September). However, the greatest percentage of mature 3N oysters were observed in
February before 2N gonadal maturation occurs. The shift in the time of year that the greatest
percentage of mature 3N females were observed may either be delayed or protracted.
Oddly, Allen and Downing (1990) showed that male 3N C. gigas tend to follow gonadal
development similar to those of 2N . In Humbolt Bay, CA, one year old 2N and 3N Pacific
oysters both spawned between July 15 and August 12 (Allen and Downing 1990). Similar to
observations in this study, 3N females appeared to slow gonadal development early in the
reproductive season.
The present study indicates triploid eastern oysters are more likely to be fertile later in the
summer. Currently, due to the low percentage of fertile female triploid oysters in hatcheries in
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the Gulf of Mexico, creating tetraploid broodstock for triploid production is difficult. Having a
better understanding of when 3N oysters are most fertile could alter the time period when
tetraploid oysters are produced. Spawning when 3N females are most fertile will ultimately save
producers valuable time and money by increasing the chances fertilization and 4N production.
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CHAPTER 3: COMPARISON OF PROSTAGLANDIN E2 TITERS DURING
OVARIAN MATURATION OF DIPLOID AND TRIPLOID EASTERN
OYSTERS Crassostrea virginica
INTRODUCTION
The U.S. oyster industry was recently valued at $126.9 million (Prichard 2008),
with Louisiana bringing in more than half of the nations landing (National Marine Fisheries
Service 2009). During summer months, sales drop drastically due to lack of texture and flavor
which occurs as oysters use their energy stores in preparation of spawning. The consistency of
texture and flavor during summer months (Allen and Downing 1991), greater growth rate
(Barber and Mann 1991), and increased meat production (Stanley et al. 1984), and) of triploid
(3N) oysters in comparison to diploid (2N) makes them an ideal crop for commercial oyster
hatcheries.
The problem arises with the difficutly of producing a 100% yield of 3N oysters with low
mortality. Currently, the only way is through selective breeding in which sperm from tetraploid
males are used to fertilize diploid eggs (Guo et al. 1996). Tetraploid oysters are created by
fertilizing eggs from confirmed triploid females with sperm from diploid males and blocking
polar body 1 extrusion with the use of cytochalasin B (Guo and Allen 1998). The small number
of fertile triploid female C. virginica can make this a difficult process.
Although gonadal development of triploid eastern oysters is limited, it is believed that
they have the capability to produce viable gametes and reproduce. Quintana (2005) showed that
triploid C. virginica are capable of spawning despite the reduced number of oysters reaching
gonadal maturity. As was shown in the previous chapter, diploids and triploids follow similar
stages of gonadal development, but when compared to diploids, gonadal development is limited
and/or incomplete in triploids and appears to occur later in the spawning season.
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The hypothesis of this study is that there is a correlation between Prostaglandin E2 (PGE)
titers and gonadal development in 2N as well as 3N C. virginica. Preliminary reports observed
that PGE titers were correlated with ovarian development of 2N eastern oysters, thus suggesting
that PGE plays a role in ovarian maturation (Lynn unpublished data). This study also
hypothesizes that PGE titers will be lower in 3N oysters when compared to 2N, thus being a
possible factor to their low fecundity.
Prostaglandins are hormone like substances derived from oxygenated fatty acid
derivatives of arachidonic acid.

Rather than being stored, prostaglandins are rapidly

synthesized in response to physiological or biochemical stimuli (Travis 1980). The renal medulla
and seminal vesicles are the most active sites of prostaglandin synthesis (Travis 1980).
Prostaglandins are correlated with ovarian development, yolk production, ovulation, spawning,
and increase in cAMP levels in vertebrates as well as invertebrates (Spaziani et al. 1993;
Spaziani et al. 1995).
PGE enhances the receptiveness of serotonin in aquatic invertebrates. In the scallop
Pactinopecten yessonesis, PGE enhances the response sensitivity to serotonin induced spawning
(Matsutani and Nomura 1982). Being receptive to serotonin is important as serotonin has been
linked to oocytes meiotic maturation and spawning in zebra mussels (Fong 1998) as well as
induced spawning in the eastern oyster (Lynn 2006). Serotonin also helps to reinitiate meiosis I
and induce germinal vesicle break down in mature primary oocytes of surf clams (Toraya et al.
1987).
MATERIALS AND METHODS
TRIPLOID PRODUCTION
In May 2007, triploid C. virginica were made using the method from Guo et al. (1996) of
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fertilizing eggs from diploid females with sperm from tetraploid males. Gender and gamete
production of diploid and triploid oysters were determined using a small gonadal biopsy using a
capillary tube and viewing under a microscope. Gravid females were identified by the presence
of prominent genital canals and an abundance of rounded oocytes. Male sperm was rated on a
scale of 1-5 with 1 being the least motile, and 5 being most motile. Gametes were collected from
ripe diploid females and stage 5 tetraploid males through striping gonads. Ova were fertilized at
23-25°C in filtered seawater with a salinity of 20-24ppt. Percent fertilization success was
determined as percentage of eggs which divided at 2-4h post-fertilization. Half sibling diploid
cohorts were also produced through strip spawning. All larvae were reared according to protocol
at Sea Grant Bivalve Hatchery in Grand Isle, LA.
PLOIDY VERIFICATION
Ploidy was verified by flow cytometry. Protocol was adapted from Allen (1983). Oysters
were notched and 0.1mL of hemolymph was drawn from the sinus located in the adductor
muscle. Hemolymph was run through a 30µm mesh filter and mixed with 1mL of propidium
iodide (PI) solution (5mg/100mL of water). The PI-hemolymph mixture was incubated in the
dark for 20-30 minutes. A minimum of 10,000 cells was acquired through flow cytometry to
generate histograms from each cell sample. Triploid oysters emitted approximately 1.5 times the
fluorescence of diploid oysters.
HISTOLOGY
Sectioning of oysters for histological comparison was done according to the methods of
Howard et al. (2004). Cross sections were made at the gill-palp junction and 4 mm posterior,
creating a 4mm thick tissue section. The tissue samples were placed in labeled histological cases
and preserved in Davidson’s fixative buffered with sea water. The sections were later embedded

31

in paraffin, sectioned, mounted on a slide, and stained for 30 minutes with hematoxylin and
counterstained for 1 hour with eosin Y.
GONADAL ANALYSIS
Histological slides of oyster gonad were viewed using brightfield microscopy to describe
gonadal development of each oyster. Six stages of gonadal development were used for
classification (adapted from Kennedy and Krantz 1982): I. Indifferent, II. Reduced development,
III. Early development, IV. Late development, V. Spawning condition, VI. Spawned. Stages
were reviewed in further detail in chapter 2.
PGE ASSAY
From April-August 2008, the previously reared diploid and triploid oysters were
renotched for hemolymph collection. A 20 gauge needle was used to collect 2mL of hemolymph
from the sinuses located in the adductor muscle. Hemolymph were placed in disposable
cryovials, immediately frozen in liquid nitrogen, and stored at -80°F until assayed.

Each oyster

was then sacrificed to visually access gonadal conditions through histological slides.
Cayman Chemical Company’s Prostaglandin E Metabolite EIA kits were used to
determine PGE titers in each oyster. Frozen hemolymph samples were thawed at room
temperature and centrifuged for 2 minutes to remove any precipitate. Sorbent Technologies 6mL
chromabond C18 SPE cartridges were prepared according to Cayman protocols. PGE was
extracted from 500µL of hemolymph from diploid and triploid oysters. Cayman protocol was
followed for derivatization of samples and standards to PGE. Samples and standards were
developed in a 96 well plate coated with mouse anti-rabbit IgG. Results were read on a BioTek
µQuant plate reader at 405nm.
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STATISTICS
The statistical software program SigmaPlot 11.0 made by Systat Software was used to
conduct statistical analysis on all data. A t-test was performed on data from 2N and 3N cohorts
sampled on the same date with the same gonadal stage. All gonadal stages for 2N and 3N
cohorts sampled on the same date were also combined from same sampling dates and compared
using a t-test. These two t-tests were run to determine if there is a difference among PGE titers
in diploid and triploid oysters. In the case that data failed the normality test, then a MannWhitney rank sum test was performed.
One way analysis of variance (ANOVA) was conducted against all gonadal stages in a
single cohort to determine if there was a statistical difference among PGE titers in different
gonadal stages. In the case that data failed the normality test, then a Kruskal-Wallas one way
ANOVA on ranks was performed.
RESULTS
A total of 164 diploid oysters were randomly selected over the time period of April 3,
2008 through May 29, 2008. Hemolymph from these oysters were assayed for PGE titers. In
Table 3.1 these values are reported by date and stage of gonadal maturation. Due to random
selection, there were not an equal number of samples in each gonadal stage. A majority of the
2N oysters sampled contained gonad in stage IV. Gonadal stages I and III were the least
represented in this study, as both of these stages contained less than 10 samples. It should be
noted that the variance was large in many samples. Despite the high standard error in some
samples, all titers fell within the normal range of sensitivity of the assay kits.
From August 18, 2007 through June 3, 2008 a total of 188 triploid oysters were randomly
selected for assaying PGE titers. The values are reported by date and stage of gonadal
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maturation in table 3.2. A majority of the 3N oysters sampled were in gonadal stage II. Stages I
and V contained very few samples, 6 and 2 respectively. As with the 2N samples, standard error
was high in some groups, but all titers fell within the range of acceptance.
Table 3.1. Average PGE values (pg/ml) ± standard error of diploid oysters organized by gonadal stage
Date

Stage I
avg PGE±SE
# of samples

Stage II
avg PGE±SE
# of samples

Stage III
avg PGE±SE
# of samples

April 3, 2008

14.84±6.12
n=4

13.60±1.98
n=14

15.91
n=1
17.35±5.15
n=2

April 18, 2008
April 25, 2008
May 2, 2008

13.53±1.78
n=15

9.18
n=1

May 7, 2008
May 22, 2008
May 29, 2008

4.29
n=1

13.47±1.66
n=16
4.68±0.43
n=8

15.78±6.79
n=4
7.00
n=1

Stage IV
avg PGE±SE
# of samples

25.68±4.08
n=37
20.65±12.46
n=19
10.76±0.82
n-=21
3.88±0.98
n=7

6.62
n=1

Stage V
avg
PGE±SE
# of samples

11.04
n=1

13.44±4.67
n=9

22.41±16.24
n=2

Table 3.2. Average PGE values (pg/ml) ± standard error of triploid oysters organized by gonadal stage
Date

August 18, 2007

Stage I
avg PGE±SE
# of samples
34.05±25.73
n=2

September 2, 2007
February 06, 2008
April 3, 2008
May 7, 2008
May 15, 2008
May 22, 2008

15.79±12.68
n=2

Stage II
avg PGE±SE
# of samples
25.52±2.79
n=14
15.82±2.35
n=12
12.89±1.68
n=9
10.51±1.59
n=14
9.34±1.74
n=14
9.99±2.31
n=12
12.09±0.89
n=15
34

Stage III
avg PGE±SE
# of samples
31.05±22.04
n=2
21.67±3.95
n=7
26.14±7.22
n=7
12.26±1.32
n=3
6.07
n=1
16.13±5.61
n=5
11.15±1.16
n=3

Stage IV
avg PGE±SE
# of samples
55.70±10.35
n=6
17.60±4.60
n=5
15.39±4.25
n=4

15.95±4.85
n=2

Stage V
avg PGE±SE
# of samples
9.98
n=1

Table 3.2 continued

May 29, 2008

7.25
n=1
18.76
n=1

June 3, 2008

10.30±1.33
n=13
11.85±1.83
n=19

12.79±5.21
n=4
11.46±2.18
n=4

8.93±1.02
n=5

10.05
n=1

PGE titers from each of the sample dates were grouped together by gonadal stage and
graphed for comparison (Fig. 3.1, Fig. 3.2). Though not statistically different, average PGE
titers of 3N oysters were higher than 2N oysters with the exception of stage V. In both 2N and
3N cohorts, there appeared to be a slight decrease in PGE from stage I to II, a continual increase
in titers from stages II-IV and a drop in titers from stages IV to V.

Triploid PGE Titers Based on
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Figure 3.2. Average PGE titers (± SE) of triploid
oysters based on gonadal stage. The average was
calculated using all sample dates combined.

Figure 3.1. Average PGE titers (± SE) of
diploid oysters based on gonadal stage. The
average was calculated using all sample dates
combined.

In general, there were no significant differences between gonadal stages of the same
ploidy. There were two exceptions however. Triploid oysters with gonadal stage IV had
significantly higher PGE titers than 3N oysters with gonadal stage II. This significance was
observed when sampled on August 18, 2007(p=0.029) as well as when all dates were combined
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(p=0.017). There were no significant differences observed amongst titers of the other gonadal
stages in 2N or 3N oysters.
DISCUSSION
There have been numerous observations previously published on the correlation of
prostaglandins and gonadal maturation in marine bivalves (Osada and Nomura 1990; Ono et al.
1982; Morse et al. 1976; Morse et al. 1977) as well as other marine invertebrates (Spaziani et al.
1995; Sagi and Silkovsky 1995). There is a greater change in prostaglandin titers among gonadal
development in female bivalve molluscs than with males, with the maximum level of
prostaglandins coinciding with spawning period (Deriodovich and Reunova 1993). It has been
predicted that a low level of prostaglandins in the gamete proliferation stage is a starting
mechanism for production of mitosis stimulating factor in neurosecretory cells of the central
nervous system in bivalve molluscs (Deridovich and Reunova 1993). Previous studies have
involved 2N animals; this is the first to assay PGE titers in 3N eastern oysters.
Surprisingly, PGE titers in this study were higher on average in 3N oysters than 2N. This
went against the hypothesis that 3N oysters have lower fecundity than 2N due to lower levels of
PGE. Due to extreme variance amongst the samples caused by random sampling, titer
comparisons were not statistically different between 2N and 3N, with the exception of 3N being
significantly higher than 2N in March.
When comparing ANOVA tests among the different gonadal stages in cohorts, there
appeared to be no significant difference among gonadal stages between the 2N or 3N cohorts.
One difficulty in conducting statistical analysis was the small sample size in some stages. For
example, in the 3N cohorts for August 18, 2007 and June 3, 2008, PGE values were obtained
from only one stage V at each date. Small sample size could also be coupled to high variance
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found in some groups thereby contributing to the difficulty of detecting significant differences in
PGE titers if they do exist. The large range of titers among a single stage and date could also be
related to the subjectiveness of gonadal staging. It can be difficult to ensure with 100% certainty
where in the gonadal maturation cycle these samples fall. Gonadal stages are designated to
describe gonadal conditions of the samples, the stages are visually assessed and are a static
glimpse of the continuum of gonadal maturation. An abrupt transition between stages IV and V
for example does not occur in a natural setting. Distinguishing the gonadal stage is difficult in
many samples where gonad appeared to be in-between stages.
Although 2N and 3N PGE titers appear to follow previously published trends with
gonadal stages, it is important to remember that the results were not significantly different in this
study. Preliminary reports (Lynn unpublished data) observed a correlation between gonadal
stages and PGE in diploid oysters. As stages increased from II-IV PGE titers also increased.
Once stage V was reached and the animals were ready to spawn, PGE decreased in the 2N
population studied by Lynn (unpublished data). The changes in titers reported in the present
study for 2N and 3N animals seemed to parallel those findings.
Similar findings have been noted in numerous other marine invertebrates. An increase in
PGE titers have been demonstrated during vitellogenesis in the ovaries of the crayfish and
freshwater prawn (Spaziani et al. 1995; Sagi and Silkovsky 1995). These studies showed a
positive correlation between increases in PGE and cAMP levels as well as the final stages of
yolk production just prior to ovulation.
Correlations have also been noted between PGF titers and spawning. Mori et al. (1984)
found that levels ofPGF2α increased in the ovary of the scallop (Patinopecten yessoensis) during
its reproductive period. Ono et al. (1982) observed in the Pacific oyster that PGF titers remained
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fairly constant at 7ng g-1 during early gonadal maturation, but peaked at 25 ng g-1 during late
sexual maturation just prior to spawning. Similarly, Ogata et al. (1979) found in the pond loach
(an aquatic vertebrate) relatively constant PGF titers at 7ng g-1 during early gonadal stages that
peaked at 25ng g-1 at maturity and decreased just prior to spawning. These studies used PGF
obtained from tissue samples as opposed to PGE from hemolymph which was used in this study.
However, the same trend of prostaglandin titers increasing with gonadal maturation and
decreasing just prior to spawning was observed.
Osada and Nomura (1990) observed that PGE and PGF might be involved in the
spawning of female and male scallops patinopecten yessoensis. Osada and Nomura (1990)
observed prostaglandin titers in 2 year old scallops from October-June in Onagawa Bay in Japan.
They observed that PGE and PGF titers were lowest during early differentiation of gonad
(October) and highest during spawning (March and April). PGE titers observed during this study
increased with gonadal maturation in females; however decreased prior to spawning.
Triploid oysters continually had higher PGE titers than 2N in this study. Triploid oysters
also followed a similar PGE cycle observed in the 2N oysters sampled, which is consistent with
observations made by other researchers. Based on these finding, PGE does appear to play a role
in ovarian maturation in 3N C. virginica, but does not seem likely to be a direct cause of their
reduced fecundity.
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CHAPTER 4: SUMMARY AND CONCLUSIONS
The harvest and sale of eastern oysters is a profitable industry in the United States and
has a large economic impact on the state of Louisiana. The Louisiana oyster industry provides
nearly 10,000 jobs to the state of Louisiana and has a dock side value of more than $38.8million
annually (National Marine Fisheries Service 2009). Despite the profitability of the industry,
profits drastically decline during summer months due to the loss of flavor and texture in oysters
as they use their glycogen stores for gamete production. Cultivating triploid oysters in a
hatchery setting could help alleviate this summer time loss and insure higher meat quality
available year round.
After reviewing both 2N and 3N gonad over a period of two reproductive seasons, it was
observed that 3N oysters have the ability to reach full gonadal maturity and reproduce. Triploid
oysters with full gonadal maturity were observed; however at a much lower frequency than 2N
oysters. What was most interesting was the period that most triploids were reproductively
mature differed from that of diploids. Most 2N oysters matured in the mid spring months of
April and May. Triploid oysters reached their peak of maturity in February and again in late
summer/early fall. It is possible that 3N oysters mature earlier in the year than diploids but take
a longer time to redevelop gonadal material hence the entire summer void of mature gonad.
Diploid oysters mature in mid spring, and with good environmental conditions and an abundance
of food, can quickly recycle gonad for a second spawning season in late summer/early fall
(Supan and Wilson 2001).
Though not significantly different, PGE titers of 3N oysters were higher than 2N in every
gonadal stage except stage V. Interestingly, both 2N and 3N oysters followed similar trends with
PGE titers. As gonadal stage increased in female oysters from stage II-IV, PGE titers increased.
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PGE titers decreased from stage IV to stage V. This could be due to the oocytes being fully
mature at this stage and readying for the onset of spawning. This trend between PGE and
gonadal stage is similar to that of Lynn (unpublished data). Based on my findings, PGE titers are
not significantly different between 2N and 3N C. virginica and therefore do not seem likely to be
a direct cause of reduced fecundity in 3N oysters.
Inconsistent sampling dates and small sample sizes were two possible issues in this
research. If the study were to be repeated, samples for both 2N and 3N oysters should be taken
on the same day and there should be equal intervals in between samplings (perhaps 2 weeks).
Instead of randomly selecting a set number of oysters from each cohort for PGE titers, variability
might have been limited if a set number were chosen for sampling from each gonadal stage in
each cohort. This would prevent the absence of data for a group of oysters as well as ensure an
abundance of data for statistical analysis.
Future research in this area could include comparing ovarian maturation in 3N oysters
produced chemically with 3N oysters spawned from tetraploids. Preliminary observations
indicate that fecundity may be higher in 3N oysters produced through tetraploid spawning than
those chemically produced. This suggests that cytochalasin B may have side effects that impact
gonadal development. Other reproductive hormones such as estradiol and PGF2α, steroids in
addition to estradiol, and catecholamines could also be evaluated in 3N oysters for comparison
with 2N.
Understanding the reproductive cycle of 3N oysters helps those in the oyster industry to
better plan spawning events of 3N oysters. Currently the only way to produce a 100% yield of
triploid oysters is to fertilize eggs from fertile diploids with sperm from tetraploids. Tetraploids,
however, are produced by fertilizing eggs from fertile triploid females with sperm from diploid
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males. The low number of fertile triploid females makes this a difficult process. If the
production of 3N eastern oysters is going to be a viable segment of the oyster industry, then a
thorough understanding of 3N C. virginca reproduction is critical for establishing sufficient
tetraploid broodstock.
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